In this paper a process for rapid geometric correction of slant range SAR images is presented. The process is completely independent of ground control information thanks to the direct georeferencing method capabilities offered by the TerraSAR-X sensor. The process is especially rapid due to the use of readily available global DEMs and global geoid models. An additional advantage of this process is its flexibility. If a more accurate local DEM or local geoid model is readily available it can be used instead of the global DEM or global geoid model. The process is applied to geometrically correct a SSC TerraSAR-X image over a sub-urban mountainous area using the SRTM and the ASTER global DEMs and the EGM2008 global geoid model. Additionally two local, more accurate DEMs, are used. The accuracy of the process is evaluated by independent check points.
INTRODUCTION
Satellite remote sensing data is especially useful in crisis management as it allows the review and the evaluation of the situation, as well as the means for planning assistance and support. In-situ presence to the area of interest is usually difficult, as is the collection of Ground Control Points (GCPs) in order to establish the relationship of the image with the object space and the DEM collection for the orthorectification. In some cases GCPs and DEM are taken from remote sensing and geospatial data archives. In many cases though, data archives do not exist, or if they do exist time is usually too short to recover and exploit them. Furthermore, if the crisis happens during days with cloud cover or during the night, the usefulness of optical images is little, as they illustrate the clouds or a dark and shadowy surface of the Earth. In such cases the use of SAR data is the best solution. SAR sensors are active microwave sensors with all-weather and day-and-night capabilities which are able to provide information about the properties of Earth's surface, its geometry and its evolution over time. Additionally, modern satellite SAR sensors are able to illustrate Earth's surface with high resolution imaging technology.
In this paper we present and evaluate a process for the rapid geometric correction of slant range (SSC) TerraSAR-X images. The geometric correction consists of two steps: 1) the establishment of the relationship of the 2D SAR image with the 3D object space and 2) the orthorectification of the image. The establishment of the relationship of the 2D SAR image with the 3D object space is usually computed with GCPs which are hard or time consuming to collect. In contrast, the GCPs are completely bypassed in this paper, using the direct georeferencing method (Vassilaki et al., 2011) , which is based only on orbital data and other metadata provided by TerraSAR-X's operator. The othorectification of the slant range SAR image is usually computed using DEM collected for this purpose, which is also hard or time consuming to collect. In this paper two global DEMs are used instead, which are freely available on nearly global scale and can be obtained before any crisis happens: a) the interferometrically produced DEM by the Shuttle Radar Topography Mission (SRTM), which has nominal accuracy of 16 m and offers 80% coverage of Earth's surface (Bamler, 1999) , b) the photogrammetrically pro- * Corresponding author.
duced DEM by the Advanced Spaceborne Thermal Emission and Reflection R adiometer (ASTER) on Terra spacecraft, which has nominal accuracy of 20 m and offers 99% coverage of Earth's surface (ASTER GDEM validation team, 2009 ). The orthorectification is performed by applying backward projection (Mikhail et al., 2001) . Each pixel of the orthoimage is projected to the DEM and from there it is backprojected to the slant range image using the physical sensor model established by the direct georeferencing step.
In order to implement this two-step process, the reference systems used by the satellite sensor and the global DEM must be taken into account. The orbital data of the sensor is given in geocentric coordinates of the World Geodetic System 84 (WGS84) ellipsoid, which correspond to ellipsoid (geometric) elevations. On the other hand the global DEMs provide orthometric elevations. To convert between geometric and orthometric elevations the geoid undulation is necessary. Among the numerous global geoid undulation models, the Earth Gravitational Model 2008 (EGM2008) (Pavlis et al., 2008) , which is used in this paper, and the EIGEN-6C2 (Foerste et al., 2012) are considered the most accurate, according to the evaluation of the International Centre for Global Earth Models (ICGEM).
An additional advantage of this two-step process is its flexibility: 1) if a local DEM, which is usually more accurate than the global ones, is readily available it can be used instead of the global DEM and 2) if a local geoid, which is usually more accurate than the global ones, is readily available it can be used instead of the global geoid.
The process is applied over a sub-urban hilly area, northeast of Athens using an experimental 300 MHz high resolution spotlight SSC TerraSAR-X image. The accuracy of the geometric correction is evaluated by independent check points (CPs), collected from other available data.
COORDINATE SYSTEMS
In order to perform the geometric correction of SAR images, various coordinate systems must be taken into account: 1) the 2D image space coordinate system of the unrectified SAR International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XL-1/W1, ISPRS Hannover Workshop 2013, 21 -24 May 2013, Hannover, Germany image (SSC image) 2) the 3D object space coordinate system of the global DEM 3) the 2D image space coordinate system of the orthoSAR image 4) the 3D object space coordinate system of the orthoSAR map The 2D SSC image coordinate system is defined by two axes (xs, ys) in pixel units. The ys axis represents time which roughly represents the position of the sensor along its orbit. The xs axis represents the slant range distance (perpendicular to the orbit) between the sensor and a point on the Earth's surface. The 3D object coordinate system of the global DEM is in the form of ellipsoid geodetic coordinates and orthometric elevation (λ, φ, H). The coordinates are converted later to geocentric coordinates (X, Y, Z) needed by the physical model of the TerraSAR-X sensor. The 3D object coordinate system of the orthoSAR map is in form or Easting-Northing coordinates and orthometric elevation (E, N, H) of a map projection such as the Transverse Mercator (projection coordinates). The 2D orthoSAR image coordinate system is defined by two axes (xo, yo) in pixel units and are essentially the projection coordinates system translated and scaled.
THE PROPOSED PROCESS
The geometric correction of slant range (SSC) TerraSAR-X images consists of 2 steps: 1) the georeferencing of the SAR image 2) the orthorectification of the SAR image The georeferencing used in this paper is the TerraSAR-X sensor's physical model, the parameters of which are taken by science orbit data and other metadata given in the XML file that accompanies the SAR image. The orthorectification process is well established (Mikhail et al., 2001) . The intensity of the pixels of the orthoSAR image is computed by backprojecting them to the SSC SAR image and interpolating the intensity of the surrounding pixels. However a lot of transformations are needed ( Figure  2 ):
xs, ys
The transformations are described in the following subsections.
Computation of projection coordinates (f1)
Assuming that the origin of the orthoSAR image is EA, NA and its scale is s, the projection coordinates of a pixel xo, yo is given by:
The translation and scale are computed by the user selected scale and resolution of the orthoSAR image, as well as by the area which spans the SAR image and which is taken from the SAR metadata XML file.
Computation of geodetic coordinates (Redfearn series)
The transformation from Easting, Northing to geodetic coordinates of a Transverse Mercator projection is given by the Redfearn series (Redfearn, 1948) :
The parameters of the series are given in the Appendix.
Computation of orthometric elevation (DEM)
The orthometric elevation H is computed by interpolation to the global DEM. Should a local DEM be available, the elevation is computed using it. If the local DEM fails to compute the elevation of a point, the computation falls back to the global DEM. 
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Computation of geometric elevations (geoid)
The geometric elevation h is computed by the orthometric elevation and the undulation N :
The undulation (Figure 1 ) is computed with the EGM2008 geoid model, using the self-contained suite of coefficient files, FOR-TRAN software, and pre-computed geoid grids provided by (Pavlis et al., 2008) . The software uses a 1 × 1 grid (in geodetic coordinates λ, φ) and 6 × 6 2D spline to interpolate the undulation. Two optimizations were done to the FORTRAN code. First, the original code padded 7 columns and rows each time it was run in order to account for the fact that the Earth is round in both directions. These rows and columns were embedded into the grid in order to make the process faster. Second, in the vast majority of all cases the undulation is computed locally and thus it is unnecessary to read the whole grid (about 1 GB). The code was modified to input only the part of the grid that is actually needed, improving the computation time and the memory consumption. Should a local geoid model be available, the undulation is computed using it. If the local geoid fails to compute the undulation of a point, the computation falls back to the EGM2008.
Computation of geocentric coordinates (f2)
The geocentric coordinates are computed from the geodetic coordinates λ, φ and the geometric elevation h:
Figure 4: The archived local DEM over the test site.
Computation of SSC image coordinates (direct georeferencing)
The SSC image pixel coordinates are computed using direct georeferencing. No GCPs are necessary as the translation and scale parameters R0, ∆R, t0, ∆tAZ of the physical model of the sensor are taken or are computed from the SAR metadata XML file (Vassilaki et al., 2011) :
The distance RP from the sensor to the target point P, and the time tP of the point acquisition are computed from the geocentric coordinates X, Y, Z of point P, and orbital data taken from XML file.
APPLICATION
The study area is in the greater north-eastern region of Athens, Greece. It has steep mountainous terrain, with average elevation 270 m and it is generally covered by sparse vegetation. It also includes two small urban regions. The data used is: (Figure 7) . The nominal absolute vertical accuracy of the both local DEMs is 4 m. The archived local DEM is available in the form of paper maps with contours of 4 m interval while the recent local DEM is available in digital form with 5 m pixel size. Preprocessing was performed in order to convert the archive DEM in digital form (geodetic reference system transformations and resampling, digitization of the contours and computation of the Delaunay triangulation).
(e) a recent optical orthoimage which has been produced using the recent DEM. Its pixel size is 0.5 m and it is of nominal absolute planar accuracy 2.5 m. The objective of this paper is to geometrically correct (georeferencing and orthorectification) the SSC SAR image. Four independent orthoSAR images were computed using the four available DEMs: 1) the SRTM DEM, 2) the ASTER DEM, 3) the archived local DEM and 4) the recent local DEM. In all four cases the georeferencing of the SSC SAR image was computed International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XL-1/W1, ISPRS Hannover Workshop 2013, 21 -24 May 2013, Hannover, Germany Figure 9: The geometrically corrected image using the ASTER DEM.
using the direct georeferencing method (Vassilaki et al., 2011) , without using any form of ground control information. The orthorectification was based on backprojecting as stated before and the proposed process was implemented in FORTRAN and was embedded into an open source CAD (Stamos, 2007) for convenience and usability ( Figure 9 ). The accuracy of the orthorectification was evaluated using 108 independent CPs. The points were collected independently on the four 2D orthorectified SAR images. The same points were also collected in the 3D object space using the recent optical orthoimage and the corresponding recent local DEM. Figure 8 shows the distribution of the CPs on the SSC SAR image. The planar residuals of each point between the measured coordinates in the 3D object space and the measured coordinates in the 2D orthorectified SAR images were then computed. The minimum and the maximum residuals as well as the RMSE in meters are shown in Table 1 for the SRTM, the ASTER, the archived and the recent DEMs. The objective of this paper is not the analysis of error, but at first sight the planar accuracies computed using both global DEMs are surprisingly good (RMSE 7.6 m and 3.8 m for the SRTM and ASTER respectively). According to DEMs' nominal vertical accuracy (16 m and 20 m respectively) the expected planar accuracies, or errors, are 13 m or more, as computed by the the sensors' specifications (Fritz et al., 2007) and by the analytic computation of the error propagation from the 3D object space to the 2D orthoSAR image space (Vassilaki, 2012) . The expected errors are shown in Figure 10 and Table 2 . However, the analytic computation of the error assumes that the vertical accuracy is 3/2 of the planar accuracy, which is not the case here. Since direct georeferencing is used, the planar error is the nominal planar error of the georeferecing which is 1-2 m (Bresnahan, 2009) , (Roth et al., 2004) , while the vertical error of the global DEMs is much higher (16 m and 20 m for the SRTM and ASTER respectively). Using the analytic formulas of (Vassilaki, 2012) taking into account these errors, the expected planar errors are 9.5 m and 12 m, which are closer to the computed RMSE. Furthermore, in Europe the vertical accuracy is better than the nominal (Rodriguez et al., 2006) , and in fact, in the test site, the vertical errors are by chance even smaller (7.4 m and 5.9 m), as computed by the CPs (Table 1) . Using the analytic formulas taking into account these vertical errors, the expected errors are 4.6 m and 3.6 m, which are even closer to the computed RMSE (Table 1). The high accuracy computed in the present test site, though not unique (Rodriguez et al., 2006) , does not generaly represent other areas of the world. For example the computed planar RMSE of the 2D ortho SAR image produced using the ASTER DEM is 3.8 m, while in the general case it should be about 12 m.
CONCLUSIONS
In this paper a process for the rapid geometric correction of slant range (SSC) TerraSAR-X images was presented. The process is fully automated as it is independent of GCPs and uses global geoid model and global DEMs which are readily available. The process gives more than satisfactory results in the present test site. For future research other test sites could be used, and perhaps more accurate CPs.
APPENDIX
The parameters of the Transverse Mercator projection are:
x = E − E0, y = N − N0 
